. The results suggest that not only do PSD-95/SAP90 proteins specifically associate and SAP102 isolates were obtained, encoding proteins of 928 and 840 amino acids, respectively. They conwith neuronal nAChRs, but also that individual family members discriminate among individual nAChR subtained all the major domains expected from the mammalian homologs including 3 PDZ domains, the SH3 dotypes.
The phenomenon is not confined to chick CG neurons. main, and the GK domain ( Figure 3 ). The chick SAP97 clones had 83% and 81% identity with the rat homolog Postsynaptic nAChRs can be visualized on mouse submandibular ganglion (SMG) neurons in situ by staining at the amino acid and nucleotide sequence levels, respectively, while the chick SAP102 clone had 91% and with the anti-␤2 mAb 270 because the ␤2 subunit is often present in heteromeric nAChRs in autonomic neurons. 83% identity, respectively, with the rat homolog. Two kinds of PSD-93 clones were obtained, but both Costaining SMG neurons with the anti-PDZ mAb reveals numerous prominent clusters that exactly codistribute were shorter than expected. They encoded proteins of 473 and 547 amino acids and contained the three PDZ with receptor stain (Figures 2A-2C ). The clusters represent synaptic sites as evidenced by their juxtaposition domains but lacked both the SH3 and GK domains found in the full-length mammalian PSD-93 gene. The two trunwith SV2, a presynaptic marker visualized in costains ( Figures 2D-2F ). Both the anti-␤2 and the anti-PDZ staincated species-PSD-93a and PSD-93b-differed in their encoded N termini, and PSD-93a also lacked a 52 amino stop codon. Beyond the splice site, PSD-93a and PSD93b were identical to each other but radically different acid insert found between PDZ2 and PDZ3 in PSD-93b ( Figure 3A) . Their shared coding sequences had 93% from full-length mammalian PSD-93, suggesting a unique exon(s). Both 93a and 93b ended in poly(A) tails and 83% identity with the rat PSD-93 homologous region at the amino acid and nucleotide levels, respectively, and had identical 3Ј untranslated sequences. Interestingly, the N-terminal portion of 93a that differed from 93b up to a common splice site 78 nucleotides prior to their Right: Immunoprecipitation from CG extracts with an anti-PSD-93 mAb followed by immunoblot analysis with the anti-PDZ mAb revealed PSD-93 species having the size expected for PSD-93a and full-length PSD-93; nonimmune IgG did not yield the components, indicating specificity. Abbreviations: PDZ1-3, the 3 PDZ domains of PSD-95/ SAP90 family members; SH3, the src kinase homology domain; GK, the guanylate kinaselike domain; 5Ј-and 3Ј-UT, 5Ј-and 3Ј-untranslated regions of the genes; inverted large triangles, 100 bp and 156 bp insertions present in PSD-93b but not in PSD-93a, presumably resulting from alternative splicing; Met (first inverted small triangles), start methionines; Stop (second inverted small triangles), stop codons.
constituted 10 amino acids identical to the N-terminal 10 A3-1 when immunoprecipitating ␣3/␤4-nAChRs, for example. found in the rat, mouse, and human PSD-95 homologs.
PSD-95 also associated with nAChRs but was more RT-PCR analysis of E14 CG RNA confirmed that trunselective than PSD-93. It coimmunoprecipitated with cated PSD-93 variants were present as transcripts in ␣3-containing and ␣5-containing nAChRs but not with the ganglion and not the result of a cloning artifact (Fig-␣4␤2 -nAChRs, ␣7-nAChRs, or muscle nAChRs (Figure  ure 3B, left) . The RT-PCR product depended on reverse 4A). PSD-93b and SAP97 associated with none of the transcriptase activity, indicating it did not arise from receptor species, while SAP102 associated preferengenomic DNA. The sequence of the isolated product tially with ␣5-containing nAChRs ( Figure 4A ). The lack was identical to that of the corresponding region in the of association did not reflect inadequate material. In all PSD-93a clone, extending from nucleotide 1518 in the cases substantial amounts of the PDZ proteins were PDZ3 domain to 2392 in the 3Ј untranslated region. Usexpressed in the transfected cells as seen on immuing appropriate primers, RT-PCR also revealed longer noblots ( Figure 4B , and data not shown (Passafaro et al., 1999) . We association of PSD-93a with either ␣3-containing or ␣5-generated a construct encoding the 9 amino acid fragcontaining nAChRs. This was revealed by coimmunoment fused to green fluorescent protein (GFP-CRIPT) precipitation either with the anti-␣1/␣3/␣5 mAb 35, and used it in cotransfection experiments with HEK cells. which recognizes extracellular epitopes, or with the antiImmunoprecipitation followed by immunoblot analysis ␣3 mAb A3-1, which recognizes intracellular epitopes showed that GFP-CRIPT under these conditions could on the receptors ( Figure 4A ). PSD-93a associated to prevent PSD-93a from associating with ␣3␤4␣5-nAChRs a minor extent with ␣4␤2-nAChRs immunoprecipitated ( Figure 5B ). with anti-␤2, which recognizes an extracellular epitope.
A portion of the nicotinic receptor important for the It displayed nominal, but statistically insignificant, assoassociation is the putative large intracellular loop beciation with ␣7-nAChRs immunoprecipitated with antitween transmembrane domains 3 and 4. This was shown ␣7 mAb 319, which recognizes an intracellular epitope, by preparing constructs in which the cytoplasmic doand it did not associate with muscle nAChRs immunomain of ␣5 was swapped with that of ␣3, ␣7, or ␤4. precipitated with mAb 35. Antibodies to extracellular Expression of ␣5 by itself in HEK cells produces a epitopes are less likely to encounter steric hindrance multimer having the size of a nicotinic receptor, and from receptor-associated PDZ proteins; this may acit accumulates on the cell surface though it remains nonfunctional (data not shown). When ␣5 was coexcount for the differences seen with mAb 35 versus mAb interactions blocks specifically the ability of nicotinic min exposure to nicotine in the presence of cadmium stimulation to generate long-lasting pCREB. The disrupto block voltage-gated calcium channels, rinsing, and tion does not extend to other mechanisms that generate then staining 20 min later for nuclear pCREB. Examining long-lasting pCREB and does not interfere with shorttransfected cells identified by GFP fluorescence showed term pCREB formation even by nicotinic stimulation that nicotine was unable to generate long-lasting pCREB itself. in such cases ( Figure 8A, top row) . The effect was specific because it did not occur in neurons transfected Discussion with the GFP construct alone ( Figure 8A, bottom row) . Quantification showed that neither the GFP construct PDZ proteins can tether components to produce comnor the GFP-CRIPT construct altered the transient proplex molecular scaffolds at specific sites. We show here duction of pCREB either in response to nicotinic stimulathat members of the PSD-95/SAP90 family do so at tion or KCl depolarization ( Figure 8B, short-term) , while nicotinic synapses and contribute importantly to nicothe GFP-CRIPT construct alone specifically blocked tinic signaling. The association of PDZ proteins with long-term pCREB ( Figure 8B, long-term) . nicotinic receptors can be demonstrated both with hetMost stringent as a positive control was the condition erologously expressed and native receptors and results of stimulating neurons with KCl in the presence of rein the PDZ proteins being localized in neurons at postduced cadmium levels, which only partially block voltsynaptic sites. As such, the PDZ proteins have the poage-gated calcium channels. This condition, which limits calcium influx, generates long-lasting pCREB, as tential for creating postsynaptic scaffolds that contrib- 
